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ABSTRACT

A noninvasive technique for measuring temperature in hot gases is evaluat-
ed as an alternative to conventional mechanical probing techniques. The tech-
nique uses a diode laser spectrometer to measure the line-center absorption
coefficient ratio of two absorption lines that originate from different vibration-

al energy levels of the same absorbing species. The temperature is calculated
without knowledge of the pressure, absorber concentration, or optical path length.

Aprevious study demonstrated temperature measurements at about 2000 K at
atmospheric pressure. The results of this evaluation suggest that the technique
Ilatin.
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1.0 INTRODUCTION

Astrophysicists have long relied on measurements of the signal-to-noise ratio in the CARS technique is typi-

electromagnetic spectra to determine remotely many cally good, high powered tunable lasers are required.
properties of celestial bodies, such as their temperature, Furthermore, the decoupling of temperature from ab-
pressure, and chemical composition. With recent ad- sorber concentration in the measured CARS signal is
vances in optics and quantum electronics, similar spec- difficult and requires extensive calibration and data pro-
troscopic techniques are now being employed for other cessing. By comparison, the dual-line ratio technique
applications that require a remote, noninvasive mea- uses low power, relatively low cost diode lasers, and
surement. For example, Reid et al.' used a tunable di- requires minimal knowledge of other gas parameters
ode laser spectroscopic technique to identify and mon- (i.e., pressure, path length, and absorber concentration).
itor air pollutants remotely. A similar technique has been The disadvantage of the dual-line ratio technique is
proposed by Cassidy et al. to measure the pressure of that it does not measure temperature at a point, but

trace gases in the atmosphere. In addition, Raman spec- along a homogeneous path. However, Wang5 has pro-
troscopy and coherent Raman anti-Stokes spectrosco- posed extending the technique to measure a cross sec-
py (CARS) techniques have been investigated to measure tion of gas by taking many line measurements along
temperature and molecular concentration for flow and different paths and extracting point data via computer-
combustion diagnostics. ' aided tomographic techniques. With future advances

This study examines a spectroscopic remote sensing in diode laser technology, for example the development
technique that was first proposed by Wang ' to measure of single-mode lasers that do not require cooling from

temperatures of hot gases nonin'asively. The technique a closed-cycle cryogenic refrigerator, a diode laser sys-
uses a tunable laser to probe the gas and measure the tern may soon be compact enough to make tempera-
line-center transmittances of two absorption lines that ture tomography possible for many practical applica-
originate from different vibration-rotation transitions of tions. Indeed, such a system may be significantly sim-
the same molecular species. The ratio of the line-center pler to implement than the rival techniques mentioned
absorption coefficients, calculated troni the measured above.
transmittances, determines the temperature of the gas. The intent of this study is to examine both analyti-
Hanson ct al." demonstrated this technique, using a cally and experimentally the dual-line ratio technique
tunable diode laser and to carbon monoxide absorp- and identity the parameters that are critical in practi-
tion lines to measure temperatures in a f'lame. The tern- cal applications. Since previous studies have demonstrat-
perature uncertainty at 21M(K K is quoted to be tter than ed the basic teasiblily tor high temperature measure-
±2I;. ments (at about 2000 K), the applicability for temper-

The dual-line ratio techniquc has ts %o major adman- attire measurements below I(NX) K is eniphasiied. Var-
tages over the Raman spectroscopic and (, \RS tech- ioUs total pressure regimes are also examined, as well
niques mentioned abo\c. lirNI, i rclaicl- strong laser as absorption line selection criteria. One potential use

signal is measured as opposed to concnional Raman for the technique is to monitor temperature in a super-
spectroscopy, shich rCqttircs the ncastrement of rela- somio acrod,,namic test facilit,' such a,, the one at Fhe
tivcly weak fluorescence. (onseqluentl\, the detection Johns lopkins I:nixersily Applied Physics I-aborator .

,,." signal-to-noise ratio is signilicantll grcatcr. Although

' ll I.J R eid,] I t \ lli It Is (,.vmd,_lt .nJ I \ Iik, . 'll-ot, i ,+ R,illl1t'l I 11ivtlt I ok ncl** it'll" I 'dfftt , 41, /itt I 1 01 01k:l~l.

.e I1< P lhll II 111C' \IlIIW ,['ht'tt
,  

* q 1/11 If 17 0!IlI,' )(I1l e, 19SI)l

1)rc'. I!l > 1 \mid I cd '2 V.IIIlIII[II]lOI 01f 1tll'hllt 
,IT.I I'.t (O|.'ll~ lOI lktg

I ( I,,l woio ot thH k~ ,.idtink! 1 11,14, "O p( t 15 MXat 1,4'61l

I I I t, 1k I tiot'.,llt xi k 1 11, i -n )pqi-,l %'th, toit'vlkll ll ,!tI, 17 ( \ie N-81
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2.0 CONCEPT

Figure I is a block diagram of the remote sensing con- Absorbing
cept. The beam from a tunable laser is passed through gas,-

the gaseous test medium to a radiation detector. The Input

frequency of the beam is tuned through two absorp- laser TO
tion lines of the gas. The temperature of the gas is then beam

determined from the measured transmittance profiles. 1, -d I I= 1, T laser
The equations for determining the temperature from beam

transmittance measurements are developed below. The 1 .
criteria for selecting the absorption lines are also "" "100presented. ,_

£50

Tunable
laser 0

Figure 2 Laser absorption in a gas.
Laser
beam transition from one energy level to the other is allowed

(given quantum mechanical constraints), then the laser
i Testenvirnent energy is absorbed, causing a sharp reduction in trans-

* mittance. The change in intensity of the beam after pass-l ,: Temperature
Laser transmittance ing an infinitesimal distance into the gas is - dl, where

over two i
absorption lines dl(v) -k(r)dt' . I)
T . , ,, 100% .

Computer Equation I is Lambert's law for the absorption of radi-

Radiation 
0 % ation. Solving the differential equation gives the trans-

detector mittance of the beam through a thickness, or path
length, f'; thus,

Figure 1 The temperature remote sensing concept. lg, th

T01= e (2)
1-.

2.1 AN OVERVIEW OF ABSORPTION THEORY
The transmittance of the laser as a function of frequency

When molecules are irradiated with a continuous defines the shape of the absorption line. The absorp-
spectrum of photons, the transmitted spectrum contains tion coefficient, k, can be expressed as the product of
dark lines that correspond to absorption at discrete fre- two terms: S, the linestrength, and g(v,,,), the
quencies. The frequency at which an "absorption line" lineshape function
appears is proportional to the energy required to ex-
cite each absorbing molecule from a lower to higher k(z) SgtI',z',,) (3)
energy configuration. The distribution of absorption
lines is characteristic of the structure of the absorbing here I,,, is the line-center waxenumber.
molecule. Fhe linestrength determines the intensity of the ab-

('onsider a laser beam of intensity 1, passing sorption line per unit path length. The linestrength de-
through a gaseous medium as sho%n in Fig. 2. If ihc pends onl the dtitffCnce het eCi the number of mole-
energy of the laser beam (i.e., the frequency) is appro\- cules that are initiall\ residing in each of tile txo energ.
inatcly equal to the energy difference betskecn I\so slates of the correspoiding energ\ transition, as deter-
quarliturn cncrg le els of the gas moleculcs and if the mined b\ the tenipcratllirc and presute o the absorb-

S
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ing species and the probability that the transition will The lineshape function can be easily understood from
occur. The derivation of the linestrength is lengthy and a classical viewpoint by treating each absorbing mole-
not integral to this discussion; therefore, one common- cule as an electric dipole that is excited and set into mo-
ly used expression is simply stated below: tion by the applied electromagnetic field (i.e., the laser).

Using a linear systems analogy, the lineshape function
To p vQthen represents the frequency response of each dipole

so- P QE, QV, QR, or more precisely the response of the polarization field
T Po QEQVQR produced by the summed fields of all the dipoles, to

the applied field. This is directly analogous to the re-
_T-T0_ sponse of a damped spring-mass system to an external

X exp [E k-TTO) driving force. By evaluating the classical equations of
L Tmotion for a large number of oscillating dipoles, it can

be easily shown that the width of the frequency response
1 - exp( -hc/ kB T) is related to the decay rate of the resultant polarization

I - exp( -hc/k 8 T0 ) ' (4) field.
In general, at pressures above approximately 0.2 atm,

where the decay rate of the resultant polarizatiuo field, and
hence the shape of the lineshape function, is determined
by the rate of molecular collisions. This is collision

T is the temperature, broadening. The collision lineshape is a Lorentzian func-
is the partial pressure of the absorb- tion given by
ing species,
is the lower energy level of the tran-
sition, 2 /[ /2(2- \21

Q,., Q, , and QR are the electronic, vibration, and ro- (v, ,l) - + - ) . (6)
tation partition functions, respective- 7rAv(I AC,.
ly, and

k,,, h, and c are Boltzmann's constant, Planck's
constant, and the speed of light,
respectively.

AL,1, the collision linewidth (the fullwidth at half max-
The subscript "0" denotes values at a standard tern- imum (FWHM)), is

perature and pressure (STP) of 296 K and I atm, re-
spectively. Equation 4 expresses the linestrength as the
departure from the linestrength value at STP.

The STP parameters that are relevant to this discus- . - 2a4 P,,, (7t T) , (7)
sion, the linestrength, S, the energy of the lower level
of the corresponding transition, E,, and the line-center -
wavenumber, vo, are obtained from the absorption
line parameter listing prepared by the Air Force Geo- wherc a,,, the STP FWHM, is obtained from the
physics Laboratory (AFGL) for the primary atmosphcr- AIGI. compilation. Note that the use of Eq. 7 is re-
ic species. A computer program that reads the AF;I. strictcd to gas mixtures having molecular composition
data tape is provided in Appendix A. Examples of the similar to that of the atmosphere. (ao can be consid-
output are included, crcd the broadening coefficient for an air mixture.)

The lineshape function characterizes the frequcncy At pressures below about 0.02 atm, where atomic col-
spread of the absorption line. It is normalized such that lisions are infrequent, the Doppler effect determines the

width of the absorption line. Doppler broadening oc-
curs when radiation at an arbitrary frequency is Dop-

g (',.,) oh, --- . (5) pier shifted to the line-center frequency (i.e., the res-
onant frequency in the moving reference frame of the
molecule). Subsequently, because of the velocity dis-

k. A.%1 -1(R tribution of the molecules in the gas, a range of inci-R. A. \lc( tatchc .1 I RI . (tmu qiheri .us r/lIIf I tInc

I'trinclqers (omplaihton. di r ll d bh Nal ta I u ihnal tinfr dent frequencies can be absorbed, The Doppler line-
li fl j 'I SCTC i I' 11)73 shape is a ( iaussian function given by

9

I
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Iln (2) 2 100.0

g0 (v,v o ) = - - I

x exp(-In(2)[2(v - vo )/Avo] 2) Collision
(8) broadened

r gi

The Doppler linewidth (FWHM) is given by 1.0 atm

AL', = 2'~ 2k T In (2)),A / p ) M c 2  ,(9 ) 0 .3 " " .

0.2 '

where M is the mass of the absorbing molecule.
At pressures from about 0.02 to 0.2 atm (for tern- 10 Voigt

!broadened 0.

peratures between 500 and 1000 K), both molecular col- regimed
lisions and the Doppler effect contribute to the absorp- -'0.05

tion lineshape. This is the Voigt regime. The Voigt line-
shape is expressed as a convolution of the collision and
Doppler lineshapes, Doppler 0.02

broadened

01 regimeI. I I I I 1 0 .0 1
g,(v,v1 ) = g)(v') g,((vo - v') dp' . (10) 400 600 800 1000 -

K
Figure 3 The ratio of collision linewidth to Doppler

Figure 3 shows plots of Av(./av1 versus tempera- linewidth for the C120'6 1-0 P(1) absorption line. ,

ture for air-broadened carbon monoxide at a number
of pressures. The calculations were performed using Energy Energy
Eqs. 7 and 9. The three pressure regimes are marked state state
on the figure.

Increase
temperature

2.2 THE TEMPERATURE DEPENDENCE OF 2.2
THE LINE-CENTER ABSORPTION COEFFICIENT 1 1
RATIO OF TWO ABSORPTION LINES

0 0
Consider two absorption lines of the same species that _ _ _ _

are nearly coincident in frequency, and originate from Population Population

transitions between energy states 0 and I and states I
and 2, respectively, as shown in Fig. 4. As tempera-
ture increases, molecules in state 0 are thermally excit- Transmittance Transrmittance
ed to state 1. Because of the decreasc in population
difference between states 0 and I, the linestrength of
the corresponding absorption line decreases. Conversely, 100T

the increase in state I population increases the popula- 1 0
lion difference between state I and 2, resulting in an 2 1 Increase ransitio,
increase in the linestrength of the corresponding absorp- trashon 0 emperatre nso2 1

tion line. It is the relative behavior of these two absorp- iransition .i.r
lion lines, as predicted by Maxwell-Boltzmann statistics,
that is exploited for the temperature sensing technique
examined in this stud'. This behavior is quantified be- Figure 4 The effect of increasing temperature on ener-
low. Using Eq. 2, the transmittance ratio of thle Iwo gy state populations and absorption line transmittance
lincs at their respective line-centers is profiles.

10

% '
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T, (ot ) exp[-ki (() I] for pressures in the Doppler broadened regime. Equa-
(11) tions 14 and 15 indicate that only the line-center trans-

T2 ( 02) exp[-k, (P 02 )I] mittances of the two absorption lines need to be mea-

sured to determine the temperature of the gas.
Taking the natural logarithms of the numerator and the At pressures in the Voigt regime, the ratio of the

_ denominator gives the absorption coefficient ratio: lineshape functions in Eq. 12 will not reduce to a sim-
pie expression. To determine the temperature, the nat-

In T, (P( ) k, S, g1 (v,vo ) ural logarithms of the transmittance profiles (i.e., the
.,nT,( - k,- ,g , 0 (12) absorption profiles) must be integrated, respectively, and
In T, (v. k S1 9 2 VP0 2 ) ratioed to yield the linestrength ratio, which can then

be used in Eq. 15. Because the p:ocedure is some\\ hat
Using Eq. 4, this becomes more complicated, this study considers only pressures

in the collision and Doppler broadened regimes.
In T, (,,) (S,

F In T 2 (P 0 ,) /S-"2.3 ABSORPTION LINE SELECTION

x exp (E, - E12 ) kfjjT For the dual-line ratio technique to be useful in a va-
riety of applications, a number of candidate absorp-

g1 (vol ) tion line pairs must be available. This requirement is
X 9(13) satisfied in the infrared (IR) region of the electromag-

g2 (Vo2 ) netic spectrum, where there is a multitude of vibration-

rotation absorption lines of various species. The regions
,4- where the ratio of the factors from 3 to 5 pin and from 8 to 12 pm are of pal ticulai

interest because the effects of water vapor absorption
is small for short path lengths. The general requirementsI -exp(-hv, k,- T) for selecting absorption lines arc:

xp( -hc 1 'k8  I 1. The lines must correspond to different vibration-

/1 exp(-hv, 2 k8i T) al energy transitions of the same absorbing species,
i - ep), 2. The separation between the lines should be small

x -- enough to be scanned with a single frequency
s\keep of the laser,

,since vi . Solving for the temperature and us- 3. The separation between the lines should be large
ing Eqs. 6 throutgh2 9 yields cnough to preclude significant overlap, and

collision 4. The transmittances of the absorption lines should
regimebet\en 10 and 900'o over the temperature

range of' interest.

T,, A number of these requirements are elaborated belo\%.
- (14) The ma\inuin absorption line spacing is limited h\

,-A ,.: li, in(TI) , ., '\ the continuous tuning, capability ofthe laser. For a tuna-

., 1. -- r,7 In( T, ) N , . hie IR diode laser, absorption line separations must be
about I cni i or less

Ilie in inum spacing that caln be tolerated beftore

for pressures in the collision broadened ics-mlc. ind tilet lines o\erlar- significantl. is largel. dependent oil

* trsince fil A the test ell\ ironlillelt. Iol example, at1 pressures iIn the
ollision regilc alld at t lipelat ures bclo , I(Xu) K. line-

I)opplCl cte tralnsmitiances tot asorptol line,, thai ale sepa-
reinic ,tcd h\ less than about 0.5 ci1 aic stbject to oxcr-

Ilp C1 1oi, beCiatusC ( hie xN idlhs of Ile lilies re teli ll\ l\

1, Lrec. I his is cxidcliii lion I q. 71. It lo\%er pi estile"T,/ T , tellh iicl tllp C . hioxex c i t le ljui lI t ileI
- I" " ,paInt t 'ill i eCl.niC s .t t Meat l\ clid d. I tile ox 'llap

I- l,( T, 0 "Iii di at'lollis M|,e di s ,cussd lI t11hie il Ltrl s, ctions.

,"-



THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL, MARYLAND

The transmittances of the absorption lines also de- where B, is the rotational constant for CO (B, =

pend on properties of the test environment: specifical- 1.931285). In most test situations, these lines are far
lv, the path length, absorber concentration, temperature, enough apart to preclude significant overlap errors.
and total pressure. If the test environment is such that Moreover, the fundamental vibration band and the 2-1
one or both of the line-center transmittances is either vibration band are intermeshed; hence, it is likely that . -

very close to 100% or close to 0%, then the changes there are a number of 1-0, 2-1 line pairs that meet the
in transmittance with temperature will be small and of spacing requirements discussed previously. Although the
the same order as the measurement errors. Hence, the 2-1 vibration lines cannot be resolved on Fig. 5, the bandsuibsequent temperature measurement errors will be center position, which is at 2116.80 cm n can be eas-
large. Although in most cases the properties of the test ily calculated from other CO molecular constants. Ap-

cmironment are fixed, the absorption line selection pro- pendix B presents the equations that determine the
cc,, does allow some control over transmittance values spectrum of CO. These equations can be used to as-
for a given environment. For example, two absorption sess the suitability of other diatomic molecules provid-
lines whose STIP linestrengths are as close as possible ed that the molecular constants are known.
will vi-d ,ivnificantly better measurement accuracy at
lo\ temperatures than that of two lines whose STP line- 4.5

strengths differ by a relatively larger amount. PbRr
Carbon monoxide (CO) absorption lines were selected (1-0) P branch (1 0) R branch

for this study, partly because of its abundance in most E 3.5 Note:
-- JThe 2-1 spectral lines

comNbustion processes where the dual-line ratio temper- z cannot be resolved
ature-measuring technique might be useful. In addition, T2.5

however, (O has some other attractive features. These 1-0 lines of

are best described with the aid of Fig. 5, which shows U other
C CO iooe

aln absorption spectrum of CO that was obtained with . 1.5
a Biomcin model t)A3.02 Fourier Transform Spectrom- -
eter and test cell. First, the separation between the fun- 9 .:

damentda line, (i.e., tile 1-0 vibration tines, is < 0-5 .

approximately . .i , .'
2000 2060 2120 2180 2240

crnl £

Figure 5 Absorption spectrum of CO measured using
2B, 3.8 cm a Fourier transform spectrometer and test cell.

0

3.0 FXPFERIMINI1NAI. S;T11 (I

lie dual -li-ne rat to teclinique \,s as employed to nca 3.1 I1-14 I 'I1 t 1P
,life e; Icrnperaiures ill aln absorption test cell. I hc

pI i ary goal \%oal .&, to e' alhnate tile applicability o tlhc I iiIc 6 slto\ the it.t e,, elip. Ilc dis Lc, bcIlt I

lci.tiquic1, viih particulai ernphasis toward measure- front the diode laser is collectld and collttialcd 1,\ ,
mcinn, bclh)\,% ](X) K. Ific test ,etup and appaaitu, aire 25 tutU local length (fi) 11a - 1n'. I Ic coillM I
described helo. healli is chopped a 26(0 Ill dllk fou,,d to I th
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Gasector are the diode lasNer ,\stemn and thle abstirpti ki IL:, cll

inle (l1(~1~rBoth components are dec:ribed. beloss
Vacuumr enclosure

Figure 6 Experimental setup and apparatus. 3.2.1 The Diode Laser SIstem
Fihe diode laser s\Nstem, manuL1factutred h\ Spec:tra

I'll\ sics, I aser Anlalvtics IDi in. consists, oft the lasers,
mionochromlator inputLI slit s\ it h a 37 .5 nmi BaT 2 anld cold head, the er\s ocnic refig erator, the 5 acion
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I Ingle laser io de. -Fie moocir na tir \as elene th LIhat se l rol I modutle ( I (AI).
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ledt loll. pressor oti ert II fle hehliltt 2as, to lii The liqu1.id

file titotioc110it,10 01111)t1it iitltpil il is 1IhsCLUetttls hlitit espandls itnto a chatmber and es aporates cool-
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with tuning capability, that makes diode lasers an ex- Note: Only the intense modes were recorded

cellent tool for high-resolution spectroscopy. at each temperature

Coarse frequency tuning of the laser is performed by 2180 1 1 1
varying the temperature. Varying the laser temperature E 0

causes the laser modes to move discontinuously within 02170 - .

about a 50 cm range. Figure 7a characterizes the Continuous tuning L
frequencies of the laser used for this study as a func- 0 2160 range of single T-0E
tion of temperature. The optimum operating tempera- mode
ture of the laser is determined by setting the mono- C 2150 •.

chromator dial to the frequency of a candidate absorp- 17

tion line pair and incrementing the laser temperature .- 2140 Multimode
until radiation is detected at the monochromator out- operation
put. This process is iterated until a match is found be- 2130 Laser current =
tween a laser frequency and an absorption line pair o -1.5574 A
position. For these experiments, a laser temperature of a 2120 -_ 1 1 _ iL

tmeaue15 20 25 30 35 4029 K was selected. 5 2 5 3 5 4
selctd.Diode laser operating temperature (K)

Continuous frequency tuning of the laser is performed
by sweeping the power supply current. Figure 7b shows (a) Laser frequency versus operating temperature.
a series of monochromator scans that were each ob- -- _

tained at a different laser current at a laser tempera- Monochromator slit
ture of 29 K. The figure demonstrates continuous tuning 1.4 cm widths: 100 ,m

capability of a single laser mode over a 1.4 cm-' Continuous
range. This is verified by the quality of the etalon scan tuning
given in Fig. 7c. range

3.2.2 The Test Cell -"

The absorption test cell was originally designed for 2140.1 2138.5 cm

spectroscopic studies of hot pressurized gases. Some de- (b) Monochromator scans at different laser currents.
sign modifications were added in the course of this study
to enhance the cell performance at higher temperatures. 0. 066cm

Figure 8a illustrates the test cell. The cell, which is
constructed of 316 stainless steel, is 12 in. long and has
a center bore of 0.75 in. Optical access is provided by
two sapphire windows, one at each end of the cell. Gas
enters the cell through the vertical stem via a pneu-
matically-actuated normally-closed valve. The valve is 42139427 c m

activated by two solenoid valves and a 100 psi nitro- (t
gen supply. Pressure gauges connected to the lower stem (c) Etalon transmittance as the laser current is scanned.
in the right end-flange monitor the cell pressure. Al- Figure 7 Diode laser tuning characteristics.
though high pressures were not required for this study,
the cell has been pressurized to 1000 psi in other ex-
periments. The surface area of the cell between the end- temperature uniformity along the cell length. These
flanges is instrumented with ceramic heating elements modifications are discussed below.
that are packed in ceramic insulation and radiation The original window assembly incorporated two 3-in.-
shielding. Two type-K thermocouples in contact with dia., 0.25-in.-thick sapphire windows that were each
the outside wall at the center and end of the cell moni- sandwiched between an end-flange and end-cap and
tor the temperature. sealed with a silicon O-ring. Because the O-rings melt

Two major modifications were required to make the above 250'C, the assembly was replaced with modified
test cell suitable for these measurements. First, the win- end-caps each of which contained a l-in.-dia., 0.25-in.-
dow/end-cap assembly was redesigned to achieve higher thick, sapphire window. Each window was specially
temperatures. Second, a vacuum enclosure was con- brazed and sealed to the stainless steel by the California-
structed to capsulate the test cell and thereby improve based company, Ceradyne. Stainless steel O-rings were

14
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Gas inlet however, because the windows fractured after a few
Pneumatic valve temperature cycles of the test cell and had to be returned

Thermocouple Cut-away view of to Ceradyne for repair. The windows were eventually
contacts heating elements returned and successfully tested.

" Stainless steel The temperatures between the center and end of the
Las r .1--- /-/----/, .-- ,-,4-'----ring

Laser - -- .. original version of the test cell differed by as much as
..ea "'Sapphire 70"C. This temperature was unacceptable because ex-

0.75 in. 1.375 in. \ window periments of the dual-line ratio technique require a rea-
End flange End cap sonably homogeneous path. To improve temperature

Pressure uniformity and to reduce heat loss, an aluminum vacu-
I-12.0 in. monto pormonitor port um enclosure was constructed to capsulate the test cell.

(a) The absorption test cell. Figure 8b shows the dimensions of the enclosure. Dur-
29 in. ing operation, the enclosure is evacuated to about 0.25
2 itorr. Optical access for the laser beam is provided by

BaF 2 windows two BaF, windows. Components in the vacuum en-
closure are accessed from the top by removing two large

Trest plates and gaskets. The cell support platform is con-
cet \;I Laser structed of asbestos to minimize heat conduction to the

1 beam enclosure. To preserve the seals in the pneumatically
ave 15 in. actuated valve, water-cooled copper tubing was wrappedI •ctu a to r _

ressure -Copper around the valve piston housing.
lines [ tubing The modification of the test cell window assembly

and the construction of the vacuum enclosure increased
Vacuum., Cooling water the working temperature from about 250 to 500'C. Al-

pump Thermo- inlet/outlet though there was some improvement in temperature
couples uniformity across the cell, test results were still some-

(b) Top view of inside the vacuum enclosure, what disappointing. The smallest temperature differen-
tial that could be achieved across the cell varied from

Figure 8 The test cell and vacuum enclosure configu- about 20"C at lower temperatures to 35( at higher
ration. temperatures. Clearly, the development of an absorp-

then used to seal the modified end-caps to the end- tion test cell with better temperature uniformity wsould
flanges. Initial experiments using these windows failed, be a primary goal of future studies.

4.0 MEASUREMENTS

Temperature measurements %ere conducted over a and
range from 385 to 840 K using two CO absorption line
pairs that were selected from three absorption lines tlhat 1-. (1) at 2119.42 c.mi

wkere within the 1.4 cm 1 tuning range of the diode la-
ser. One line pair consisted of temperature measurcmcnts using thi, par \%etc Con

dumcted in both the )oppler and collihsin I cmc, I fie
(.i2()i 2-1 R(5) at 2138.911 cm second line pair consisted of

J15
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C1
2 01 6 2-1 R(5) at 2138.911 cm-' Background (100%)

transmittance level S.
and

C 2 0 " 1-0 R(13) at 2139.914 cm

Two features of this line pair should be noted: first,
the first absorption line is the same as that of the previ-
ous line pair, and second, the second line is of a differ-
ent isotope than the first line. This combination was
examined because the STP linestrengths of these lines B =background - baseline
differ only by an order of magnitude. The intent was
to improve temperature sensitivity at lower tempera-A
tures. (For comparison, the STP linestrengths of the Transmittance = ABfirst line pair differ by about 104.) The use of the sec-

ond line pair was limited, however, to pressures in the
Doppler reime because at the higher pressures consid- Baseline (0%) A = minimum - baseline
ered, the C 2011 line was completely overlapped by the transmittance level 4 "

strongerC 2 ' fundamental line. To avoid confusion Figure 9 Absorption line transmittance measurement.
later, the first line pair of the same isotopes is called %.
the matched line pair. The second line pair, of differ-
ent isotopes, is called the mixed line pair. background transmittance level. The test cell was evacu-

This chapter describes the measurement procedures, ated and then both CO and N2 were injected to a to-
the results, and the experimental errors. tal pressure of I atm. The CO partial pressure was about ,,

0.026 atm. The second scan was then performed to rec-
ord the CO transmittance profiles. The baseline absorp-

4.1 MEASUREMENT PROCEDURES tion level was obtained by blocking the diode laser beam.
All three transmittance levels were recorded on the same

Two parameters besides the absorption line profiles plot. The data collection time for one temperature mea-
are required to measure the line-center transmittances surement was approximately 3 minutes.
of the absorption lines: Measurements in the Doppler regime were conduct-

. The background (i.e., the 100o) transmittance ed on CO alone, at pressures ranging from 0.0013 to
level at the respective line-centers, and 0.039 atm. Because of the narrow widths of the absorp-

2. The baseline (i.e., the 0076) transmittance level at tion lines, a separate background scan was not required.
the respective line-centers. Rather, the background level at line-center was inter-

polated from points on the tails of the absorption lines.As illustrated in Fig. 9, once these parameters and the The baseline level was again determined by blocking the
absorption line profiles are known, the line-center trans- laser beam. For measurements of the mixed line pair,
mittance is cidculated from the baseline level was alternatively determined by in-

jecting a large amount of CO into the test cell such that
line minimum - baseline the line-center transmittance of the C'20 ' fundamen-

T - - c r u . . tal line w as 0 % .
background baseline The tuning rate of the laser for each of the measure-

ments described above was 7 x 10 ' cm 1/s. This
Since the procedure to determine the background and rate was selected to be slow enough to ensure adequate
baseline levels depended on the pressure regime, iea- resolution of the transmittance profiles on the plotter, .1

surements in the two pressure regimes are described yet fast enough to ensure that test conditions would not
separately below. change during the scan. The time constants of the lock-

Measurements in the collision regime were conduct- in amplifiers were set as long as possible (300 ins) to
ed using a mixture of CO and N, at a total pressure reject high frequency signal fluctuations.
of I atm. Two laser frequency scans were performed The measured line-center transmittance values were I
for each temperature measurement. The first scan was inserted into either Eq. 15 or Eq. 16 to calculate the
performed with I atm of N, in the cell to record the temperature.

16 , ',N,
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4.2 RESULTS perature is not equivalent to the average thermocouple
readings. This is not unexpected since the temperature

The results are categorized according to the pressure distribution across the cell varied with temperature.
regime in which the measurements were conducted. Figure 11 also shows temperatures obtained with the

matched line pair at a CO pressure of approximately
4.2.1 Results of Measurements in the Doppler Regime 0.0013 atm. These measurements were performed in suc-

Figure 10 shows test results obtained with the mixed cession with the mixed pair measurements. Figure 12
line pair at a CO pressure of 0.026 atm. The abscissa shows one example of the transmittance profiles ob-
of the plot denotes the average thermocouple tempera- tained for both line pairs. Except for one data point,
ture. The extremes of the bars at each cell temperature the predicted temperature from the matched line pair
point indicate the cell center-to-end temperatures. Note is almost a constant factor lower than that predicted
that the cell uniformity degrades with increasing tem- by the mixed line pair. This suggests a systematic er-
perature. ror, perhaps due to an error in one of the AFGL pa-
. The temperature data points obtained with the dual- rameters that was used to calculate the temperature.

line ratio technique show an interesting trend. At low- To demonstrate the effect of such an error, the fol-
er temperatures, the technique predicts higher than the lowing assumptions were made:
average thermocouple readings. Conversely, at higher 1. The temperature predicted by the mixed line pair
temperatures, the technique predicts lower than the aver- is correct,
age thermocouple readings. The two coincide at 540 K. 2. The AFGL parameters for each absorption line

The same measurements were repeated at a later date. of the mixed line pair is correct, and
In these tests, the time between successive temperature 3. The STP linestrength of the fundmental line of
measurements were doubled to 90 minutes to guaran- the matched pair (C1 "O0' 1-0 P(i)) is in error.
tee that the temperature at the interior of the cell was Using these assumptions, the value of the STP line-
stabilized. Figure 11 shows the results. The predicted strength of Cl1O26 1-0 P(I) line, which was required
temperature obtained from the mixed line pair shows for the matched and mixed line pair predictions to be
the same trend as in Figure 10, except that in this case equal, was determined. The procedures and results are
it is much better defined. The consistency between these as follows.
measurements suggests that the actual averaged cell tem- First, using the temperature predicted by the mixed

line pair, the CO pressure for the matched line pair mea-

Cell center T700
temperature I

temperatureT
650Cell center _

650 .

m Cell end Cell end

5 * temperature temperature i~550h 
Z/ 6 eool

7/ E

/ //550 I
2 450, 0)

/." 500 /

400- 0 / Legend Legend
C 1 20 1-0 R(13):C 12 0 '6 2-1 R(5) m C :O T 1 0 R(13) CvO 2 1 Rl5)

C C"0 1 0 P(1). C'-0 2 1 R (5l
350/ _ L . _L. 450 -_ - --

350 400 450 500 550 600 650 450 500 550 600 650 700
Average thermocouple temperature (K) Average thermocouple temperature 1KI

Figure 10 Temperature measurements in the Doppler Figure 11 Temperature measurements in the Doppler
regime. pressure regime.
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1 700 -- T .. -

...... j Legend ,.-" I
. ... . ... .. . . ... C"O0"' 1-0 R(13):C "01' 2-1 R(5) //

Mixed line pair -2R
Interpolated M h l pr C 1206 1-0 P(1):C' 20 6 2-1 R(5) /line-center T Matched line pairH .Ib

background ... . . . ...
transmittance . . . .. .,

unc600ainty\"-

ML Mixed line pair
"n Euncertainty

4020 torr CO . . . 550/,

2 torr CO

2139.914 cm2 7c 1 cm /

. . 500 /

- Matched line pair
uncertainty

C12 016 1- 0 llj I C"0'6 2-1 R(5) .. 450 /1_________________
*450 500 550 600 650 700

21 2 Average thermocouple temperature (K)

Baseline Figure 13 Temperature measurements in the Doppler
pressure regime. (The modified STP line strength of

Figure 12 Transmittance profiles of three Doppler- C12016 1-0 P(1) was used.)
broadened CO absorption lines.

The previous analysis provides some evidence that
the STP linestrength value listed on the AFGL listing

surement was calculated from the measured line-center for the C120 1
6 1-0 P(I) line might be in error. Intui-

transmittance ar.d the AFGL parameters of the C' 2 0' 6  tively, however, this seems unlikely, particularly for such
1-0 R(5) line. A calculation of the CO pressure was re- an intense absorption line. Further study is required to " "
quired because the pressure gauge used for the mea- resolve this issue. The goal of this exercise is to demon-
surements was accurate to only -k I torr. Using the strate that a systematic error, whatever the source, can
calculated pressure and the predicted mixed line-pair explain the observed data.
temperature, a value of the STP linestrength was cal-
culated next, from the measured line-center transmit- 4.2.2 Results of Measurements in the Collision Regime
tance value of the C'2Oi' 1-0 P(I) line. Equations 2, Figure 14 shows temperature measurement results for
4, 8, and 9 were used for the calculations. The calcula- a CO plus N, mixture at a total pressure of I atm as
tions were performed at the two highest temperatures obtained for the matched line pair. Figure 15 shows a
plotted on Fig. 11. The results give the values transmittance profile. For comparison, measurements

were also made at the same cell temperatures using both
S, 1.225 x 10 19 and 1.283 x 10 19 (mol./cm-) . the matched and mixed line pairs at Doppler pressures. 4

These data in Figs. 14 and 15 show a number of in-
The value of the STP linestrength for the C _2 ih I-0 teresting features. First, the three matched line pair
P(1) line on the AFGI. listing is predictions obtained for each cell temperature are well

grouped, regardless of the pressure regime over which
0.893 x 10 "' (mol./cm2 ) . the measurements were conducted. In addition, the

matched line pair predictions are lower than the mixed
If the mean of the former values is used in the matched line pair predictions, consistent with the results presenled
line temperature calculation, Fig. 13 shows that the earlier. Most prominent, however, is that both prcdic-
matched and mixed line pair predictions match extreme- tions are higher tIan the thermocouple readings. This
ly well. The single erroneous data point is attributed result was attributed to a fundamental fla\\ in the test
to a noise spike that occurred at the transmittance mini- setup, described next. " :.
mum of one absorption line. The error bars at each data As shown in Fig. 8, the thermocouples arc in point 7
point will be discussed later. contact with the outer surface ot the cell and resrained
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Legend C 18 1-0 R(13):C' 2 0' 6 2-1 R(5) Doppler regime 1 " 7 Matched line pair

o C
12
016 1-0 P(1):C

1201 6 2-1 R(5) Doppler regime . . . .

* C12016 1-0 P(1):C 120' 6 2-1 R(5) collision regime .. -* . - . . Background

85 ,I -ansmittance

8W -

80 0torr CO + N.2" "14:1-

7i "T '- = 1 at m. ,

750-0

2139.427c ... . . -"5 700 7c

iD i : t vI * t Baseline

S650- T Figure 15 Transmittance profiles of two collision-
4 .broadened CO absorption lines.

1i  ,
5D Legend 0 C1201 1-0 R113):C 2 01' 2 1 Rl5) Doppler regime
it 0 C 20" 1-0 P(1):C' 20"' 2 1 R(5) Doppler regime
CD * C12

0 16 
10 P(1):C"20" 2 1 R(5) collision regime

900 rT

550-

Matched line pair
850- uncertainty

50 (collision regime

Mixed line pairW 800 uncertainty
450I (Doppler regime

450 500 550 600 650 700 750

Average thermocouple temperature K) 750

Figure 14 Temperature measurements in both the Dop- 2 ".,
pier and collision regimes. i"

700-

E

by fittings in the vacuum enclosure. A break in ther-
S650 i

mocouple contact with the cell by even 0.001 in. will 65 U
result in significantly lower temperature readings. It is ,1
likely that such a break occurred in these measurements. W

Breaks in cell-to-thermocouple contact caused by ther-

mal-expansion-induced movement of the test cell and
vacuum enclosure have been observed in previous 550
studies; however, this was the first occasion where ap-
parently both thermocouples broke contact at the same -
time. For future measurement an alternative instrumen-
tation technique is obviously required. 500

Figure 16 shows the upward shift of the matched line
predictions if the modified STP linestrength that was 450Lf -

calculated previously for the C 120i6 1-0 P(i) line is 450 500 550 600 650 7(WU 750
used in the temperature calculation. At the lower tem- Average thermocouple to)rperitri K,

perature the agreement between mixed and matched line
pair predictions is excellent. The agreement at the higher Figure 16 Temperature measurements in both Doppler
temperature is also improved, although not quite as im- and collision regimes. (The modified STP line strength
pressive. of C 2 0' 6 1-0 P(1) was used.)
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4.3 ERROR ANALYSIS Absorption line ID: A = C"Ci " 2 1 R(5)
B = C 2 0 1 0 P1i

The experimental errors that lead to transmittance o.(a) (b)
measurement inaccuracies are discussed and quantified
below. The results of this discussion are used to calcu- I A
late the temperature measurement uncertainty of the * A ft*'; , .

dual-line ratio technique. B B

-(ec -. . . . d)

4.3.1 Transmittance Measurement Errors 100 1d)

Transmittance errors arise primarily from inaccura- A A
I- Bcies in identifying the line-center minimum of each ab- Path length . 30 48 cm

sorption line profile and the line-center background B Temperature 773 K
transmittance levels. The accuracy to which these can CO pressure 002 at
be measured depends on the level of noise in the detec- 2138.5 2140.5 2138 5 2140 5
tion system, the stability of the test cell environment Wavenumber (cm
and diode laser beam, and the degree of absorption line Figure 17 Theoretical transmittance profiles of two
oerlap. The contribution of each of these factors de- collision-broadened CO absorption lines at various pres-
pends on the properties ofthe test environment and the sures. Temperature = 773 K. (a) Total pressure = 0 5
measurement procedure. atm; (b) Total pressure = 1.0 atm; (c) Total pressure =

For measurements in the Doppler regime, the absorp- 1.5 atm; (d) Total pressure = 2.0 atm.
tion lincwidths are small enough and the line separa-
tions large enough to neglect potential line overlap ,
error-,. Moreover, since a measurement is made with Absorption line ID A = C 0 ' 2 1 Ri, '".
a sinule transmittance profile (i.e., no separate back- B = CO' 1 0 P,11
ground scan is required), the system stability between '(a) (b)
successive scans is not a factor. Therefore, the accura- 100
c% of measuring line-center transmittances of absorp-
tion lines in the Doppler regime depends primarily on iA B
the sNstem noise and the capability of interpolating the A A
background transmittance leel from the tails of the ab- 0' .....
sorplion lines. Based on test experience, it is estimated Id (dl
I hat the i ransrnittances of )oppler broadened lines can o00

C

he nicasured to within approximately ± 0.5%. A BA B
I-or measurements at collision broadened pressures, Path iength r30 48 i•

hoscer, absorption line overlap errors cannot be dis- Temperature - 1273 K
mised. ()%erlap error occurs when the tail of one ab- 0 copressure 0 02 ti,,i

sorption line overlap the line-center frequency of the 2138 5 2140 5 2138 5 2140 5
second absorption line. Figures 17 and 18, show trans- Wavenumber (cm '"
litancc profiles at various total pressures and temper-

alurcs that were calculated using Eqs. 2, 4, and 6. For Figure 18 Theoretical transmittance profiles of two
the calculations, it was assumed that the line broaden- collision-broadened CO absorption lines at various pres.

sures. Temperature = 1273 K. (a) Total pressure = 05ing atm; (b) Total pressure = 1.0 atm; (c) Total pressure
enough to th-it of air to make the use of Eq. 7 (for the 1.5 atm: (d) Total pressure 20 atm

collision linewidth of an air-broadened absorption line) 1.5 at

%a lid.
I hC figures indicate that absorption line overlap er- sures, respectively, shown on Fig. 16. indicates that line

ror % ill be most scere at lower temperatures and higher overlap errors did not significantly affect the ieasure-
prcssures. F-or example, calculations show that at 773 ments at a total pressure of I atm.
K and at a total pressure of 2 atm, line overlap will in- Achieving acceptable stability between background 21
duce as high as a 2.5("o error in the measured line-center and absorption line scans for the higher presure inca-
transmittance of the ('12()' 2-1 R(5) line. However, surements was a particular problem, primaril. because
the good agreement between matched line pair predic- of etalon-like effects from lenses and window( s that %%etc
lions obtained at Doppler and collision-broadened pres- sensitive to even the smallest of sy,,eni pernitbaions,.
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Figure 19 illustrates an etalon effect that resulted from
multiple reflections between the cell windows. Etalon Slight eton eIfec, of

effects are minimized by a combination of decollimat- '-." cell windows

ing the laser beam and skewing the beam through the --.
system elements such that multiple reflections do not.. . 00
overlap. Figure 20 demonstrates the scan-to-scan repeat- 0 0 cm

ability that was achieved in these measurements. The , Gr ,mao, ,
estimated transmittance measurement uncertainty is I
higher for collision-broadened lines than for Doppler- "''' I'

broadened lines because of the higher background un- 1 0295 A

certainty. Specifically, the estimated transmittance un- Laser current 0 9478 A

certainty is ± 1.0%.

4.3.2 Temperature Uncertainty Figure 19 Etalon-like degradations in transmittance

The temperature error caused by the transmittance spectra.

measurement error is derived by expanding the absorp-
tion coefficient ratio in a Taylor's series about a tem-
perature T', Two sui;cOsivf lidi:kqroiid/ t~" '. r n mlS /l l a n tc e s C d [in I n t e n , a i

Ibetween scains 3 rminutes

A l" = ' )k, k

d[' (kf+)

+.'+ ... ++ (' -T)dT k, - ._

Neglecting the higher order terms and solving for (T'

1) gises 10295 A 08478 Ak, k,

( ) - T) Laser current --k, k,
AI T T' T') - -k

d( k, Figure 20 Scan-to-scan repeatability of the background

dI k, i transmittance level.

k, Using Eq. 16, the temperature measurement uncertainty
was calculated as follows.

d(K, The line-center transmittances of the twro ab,,orption

dT \kJ [ lines were calculated from Eqs. 2, 4, 6, 7, 8, and 9. Hg-
tire 21a shows the result, as a function of temperature,
for the matched line pair in the l)opplcr regime. I 'sing

%)ifferentiating either Eq. 14 or Eq. 15, depending on the transmittance values, A- A, k, as calculated from
the pressure regime, gives d'd7' (k,/k: ),. Substitut-
ing this value above yields AI l(T, ± AT )

: (17)
k, k, In(T,

k,
A where A is the transmittance mcasurement error thal

1.439A1 S,, ,e [.9 I 1\] vas estimated previously. lour cur, cs of , A. \%etc.
T " ,, el l 1,~, T generated, one for each of the fotr combhinations of

[Fq. 17. The envelope bounding the ifour cur\,es dlinc,,
(16) the uncertainty in A A, k u'.lc we thc\ tIh lalwoni ntanc

21

• ,' ' e .,I , a' , ,J ., . , . . ,€ , . • ,, ,,. . . ."....' .~ . . ':''.'.. '''',.J'



THE JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY
LAUREL. MARYLAND

Matched line pair Matched line pair Mixed line pair

A: C'2 0 '6 2-1 R(5) A: C 0'6 2 1 R5) A: C"O" 1 0 R(13)
B: C'- 0 ' 1-0 P(1) B C1' O'" 1.0 Pm1l B C "0" ' 2 1 R&5I

CO pressure = 0.0013 atm CO pressure = 0.02 atm CO pressure = 0 026 atm
Total pressure = 0.0013 atm Total pressure (CO + air) = 1 atm Total pressure 0026 atm

(a) A (a) (a)

0.8 0.8 0.8 (a A

Q) 0,6 - 0.06 0.6 06
C U

0.4 B 0.4 B 0.4
EE

c 0.2 -M 0.2 1 0.2
T B

0 0 0

0.67 1 , 1.16 52.41 , , ,
(b)(b()

0.54- 0.92 (b 41.93 (

. 0.40 - 0.69 -. 31.45

.e 0.27 - 0.46 - 20.96 -

0.13 0.23 - 10.40

0.00 0.00_, 0.00

77.16 74.81 1154.34
10 C) (c)

61.73 59.85 123.47-

5 46.30 - 44.89 - 92.61-
4) 4

a 30.86 - 29.92 - 61.74
E E E

15.43 14.96 - 30.07

0o 0 0.00 I
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200

K K K

Figure 21 Figure 22 Figure 23 ""

Figure 21 Temperature uncertainty calculations for the matched line pair in the Doppler-broadened regime. (a) The

calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coeffi-
cient ratio as determined by applying a :0.5% transmittance error to the transmittance values calculated above.
(c) The temperature error caused by the uncertainty in the absorption coefficient ratio.

Figure 22 Temperature uncertainty calculations for the matched line pair in the collision-broadened regime. (a) The

calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coeffi-

cient ratio as determined by applying a + 1% transmittance error to the transmittance values calculated above. (c)

The temperature error caused by the uncertainty in the absorption coefficient ratio.

Figure 23 Temperature uncertainty calculations for the mixed line pair in the Doppler-broadened regime. (a) The

calculated line-center transmittances of the two absorption lines. (b) The uncertainty envelope of the absorption coeffi-
cient ratio as determined by applying a ±0/5% transmittance error to the transmittance values calculated above.
(c) The temperature error caused by the uncertainty in the absorption coefficient ratio.
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measurement error. Figure 21b shows the k, 1k2 uncer- error bars indicate that the best accuracy at low tem-
tainty envelope for the matched line pair in the Dop- peratures and at pressures in the Doppler regime is
pier regime. From the previous section, the transmit- achieved with the mixed line pair measurement. The
tance error is +0.50. The size of the uncertainty enve- temperature uncertainty is better than + I 07%. Howev-
lope at each temperature was used for A ki /k 2 in Eq. er, as temperature increases to about 800 K, the uncer-
16. Figure 21c plots the corresponding temperature un- tainty increases to higher than k2076. At this temper-
certainty as a function of temperature for the matched ature, the matched line pair (at pressures in the Dop-
line pair in the Doppler regime. Figures 22 and 23 show pier regime) gives better accuracy (i.e., about 1%00),
similar plots for the matched line pair in the collision demonstrating the importance of the absorption line
regime (for a transmittance error of ± 107o) and the selection process in determining measurement accura-
mixed line pair in the Doppler regime (for a transmit- cy in a given temperature range.
tance error of ±0.5%o), respectively.

-._, The error bars on the data points of Figs. 12 and 16
are obtained from parts c of Figs. 21 through 23. The

5.0 CONCLUSIONS

The results of this study demonstrate the use of the temperature uniformity. In addition, an alternate tech-
dual-line absorption ratio technique for measuring tern- nique of supporting the cell thermocouples is essential
peratures below 1000 K. For pressures in the Doppler to prevent breaks in thermal contact with the test cell,
regime the measurement uncertainty is estimated to be caused by thermal expansion. Also, a pressure gauge
:b 107o at 700 K. At the same temperature at a pressure that has a resolution of less than I torr would ensure
in the collision regime, the uncertainty is approximate- a controlled cell environment for low pressure measure-
ly +207o. The use of absorption lines of different iso- ments. Lastly, replacing lenses in the optical system with
topes at pressures in the Doppler regime to improve low off-axis aspheric mirrors and replacing plane parallel
temperature measurement accuracy was also demon- windows with wedged windows would greatly reduce
strated. This work augments a previous study by Han- etalon effects that degrade the transmittance spectra.
son et al. 6 that considered only temperatures above Since the precision of the STP absorption line
1000 K, pressures in the collision regime, and absorp- parameters are crucial to the dual-line ratio technique, !
tion line pairs of the same isotope. a calibration of the technique should include accurate

To calibrate the dual-line ratio technique accurately measurement of these parameters. Because of its nar-
at temperatures below 1000 K, some improvements in row single-mode linewidth, the tunable diode laser is
the test apparatus are required. For example, a shorter an ideal tool for this. However, such measurements re-
path length test cell would provide significantly better quire a precisely controlled environment.

.°
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APPENDIX A
The AFGL Absorption Line Compilation

/GEARATAD JOB (17411 ... N),' SA. CEARHART',NOTIFYGEAR,The Air Force Geophysics Laboratory (AFGL) corn- / USER-GEAR X,6863
/-KqAI N ONG R!1007

pilation lists absorption line parameters for the seven /EXEC .R
1F.3SYSIN 00primary atmospheric species: ..................................................................

THIS PROGRAM READS ABSOROTION LINE DATA FROM THE AFCRL DATA

TAPE[19845). DATA IS PRINTED FOR A SPECIFIED WAVENUNSER RANGE.
EACH TAPE FILE CONTAINS DATA FOR A T00 WAVENUMBER RANGE.

Molecule Identification no. DIMENSION GNU( 40),SlO),ALPHA(40),EDP(40),TRI(40O,TR2l40O,TR3(4O)

on AFGL listing 2 OI(O
INTEGERe4 K %
READ ( 5, 2)WAVEI.WAVE2

2 FOR AT(i F10 0R
(WRITE(6, )WAVE1,NAVE2c_.8 FORMATI1H1,20X AFOL ABSORBTION LINE PARAMETERS COMPILATION DATA'
21 °//,IOXtATA FROM WAVENUBERWF10. 3'TO WAVENUM4ERs',FIO.3,

2 //. WAVENO. LINE STRNGH WIDTH LOWER STATE TIRANSITION DU
3 3ANTUI4 NUIJERS DATE ISOT MOL' .1)

K-(A85( WAVE1-.O)/100) )*10.0

N,() 4 9 00 50 1.,.500
READ K, 1 END=60) ICARD

C0 515 FORKAT(jo)
BACKSPACE K

CH, READ(K.20)(GNU[N),S(N)ALPKA(CHl),P().TRI(N TN(..'H 
4  

6 TR21N)1 TR10"j, TRIlH T~ty(N) TR6(N). T7( h), TRSti], TR9( N),

7 11(~N), 1N)3(N ,..CRD)01 7 20 FOR.AT(1OXAOlfTO.3,EO..3F1T...8A4A,II$,.IS3))
30 DO 40 J;t,.ICARD

IF(GNU(J).LT.WAVE1 I)G TO 40
IF(13(J)CNE.S.) GO TO 40
IF)GNU(J).GT.WAVE2)OO TO 100

The data for each absorption line includes v,, the line- I WRITE UNIT# IS 6. DATA GOES TO PRINTER
S IFWRITE UNITI IS S. DATA GOES TO DATA SET

center wavenumber, S, the linestrength (molecules/ ........................................................RJ

cm), , the half-width (cm I/atm), E,, the term val- 1 TN3(JR JTS(JIN6(J.TRA(JTB(J.T i9 J, I.J),1 RIf T ( ),TN { S( J) ALP(J ) ,R?( J ), TR I (J , TR )I(J)

2 I2(J).13(J)tie of the lower energy level (cm I), the transition 15 FORKATFI0.S.ZX.EIO.3.2, .F5.,2X.FIO.,2oX.8A4,A3.2X,I3
,

quantum numbers, the date the data were acquired, the 56 FORT(FO..EO.S.FS..O.S.SAI,.A. ,3.,',. ,SI . ,,
40 CONT I NUEisotope, and the molecule identification number. An ex- Io CONT.IUE .TO 6

ample of the AFGI. listing is shown below. 60 ROIND

Aortran program that reads the AFGL 9-track 1oo 0TO 9

magnetic tape is shown at the right. The program was /G.FTOSFOO DO OSRMFIC.WJT.SHARE.AFGL,
/ ISP.(NEWCATLO.DELETIOI.AEdeveloped on an 11%1 system 3033 computer. / DCN-(LRECL-80.8LRSIZE660,RECFT AVF[

WAVENO. LINE STRNGH WIDTH LOWER STATE TRANSITION QUANTUM NUMBERS DaTF iSoT 'OL

2139.174 0.997E-23 0.100 307.916 10 8 2 11 9 3 2 0 0 0 0 0 79 666 3
?09.203 0.324E-22 0.064 2470.631 0 2 2 1 0 2 2 0 P 5SC 13 446 .
2139.216 0.169E-22 0.073 2562.227 0 3 3 1 0 3 3 0 P 430 13 446 r
2139.217 O.169E-22 0.073 2562.227 0 3 3 1 0 3 3 0 P 43C 13 446 4

2139.238 0.119E-21 0.077 892.236 0 1 1 1 0 1 1 0 P 27C 13 456 4
2139.241 0.179E-24 0.068 1748.578 2 1 1 0 1 0 2 2 0 1 P 32 482 626 2
Z139.271 0.325E-22 0.064 2470.033 0 2 2 1 0 2 2 0 P 550 13 446 4
2139.278 0.1|OE-24 0.066 2318.541 7 3 5 7 2 6 1 0 0 0 1 0 180 161 1
2139.317 0.914E-26 0.066 1945.796 1 3 3 0 1 0 2 2 0 1 R 39 482 626 2
?J19.328 0.272E-25 0.067 2597.898 1 1 1 1 2 1 1 1 0 1 P 36 482 626 2
2|19.329 0.794E-22 0.045 1631.384 10 7 4 9 6 3 0 1 0 0 0 0 180 161 1
2139.333 0.34 1E-22 0.100 529,577 30 S 25 31 6 26 2 0 0 0 0 0 79 666 3
2139.348 0.382E-22 0.055 2510.107 0 0 0 1 0 0 0 0 P 77 13 446 4
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APPENDIX B
The Spectra of Diatomic Molecules

The equations that determine the spectra of diatom- the moment of inertia since this is small for snmall a alues
ic molecules are discussed briefly below. A more com- of v. The molecular constants, . ek , ,. B.,
plete development can be found in Ref. 8. and D e, in Eqs. B-2 and B-4 are tabulated in Ret. 8

Solution of the Schrodinger equation for a vibrating- for a number of diatomic molecules. Using thcse con-
rotator gives the values of the quantized energy values stants, the energy levels can be determined, as depict-
of a diatomic molecule: ed in Fig. B-la.

Using Eqs. B-I to B-4 and the quantum-mcchanical
E = G( V)hc + F, (J)hc , (B-i) selection rules for a diatomic molecule, ,,hich dictate

that energy transitions only occur in such a %a. that
where ivand J are the respective vibration and rotation- both v and J change by ± 1, respecti% el\, the frequen-
al quantum numbers. The first term of Eq. B-I, repre- cies of the spectral lines can be determined. A change
senting the energy of an anharmonic oscillator, is given in J of I denotes an R transition; a change in Jof I
by denotes a P transition, as indicated in Fig. B-lb. Thus,

for a given vibration transition, there is a host of nar-
G( V)hc = (wo V - cooxo V + oYo V3 + W • • )hc , rowly spaced spectral lines corresponding to the changes

(B-2) in rotational energy. These lines are centered about the
frequency (in wavenumbers)

where
= G(I") - G(I') (B-5) .

o = We - UoeXe + 3WeYe/ 4 + ' . .

where v' and V" are the initial and final quantum
OXO =,,x,, - 3y,/2 + ... ,numbers, respectively. Using Eqs. B-4 and B-5, the fr,,

quencies of the spectral lines are, Iherefore, given by"

Wov ( = )',e + (B-3)
1R - + F(J 4 I) f"(J)

The first term of Eq. B-2 represents the energy of a sim- for the R transitions, and

pie harmonic oscillator. The other terms in the series + + 1)
are required in order to obtain the energy of an anhar-
monic oscillator, such as is observed in nature. (The for the P transitions. Neglecting the centrifugal force
harmonic oscillator has energy levels of equal spacing- term in Eq. B-4, these equation, reduce to
the anharmonic oscillator has energy levels that become
closer as v increases.) The second term in Eq. B-I rep- = ,, + 28, + 28./ (B-6)
resents the energy of a nonrigid rotator, given by

", vp ',, 2B, , I T
. "(11J)tw = [8,(J + I) - DJ-(J + l)lhc .8

(B-4) The rotation-vibration of H-(' for the 1, to I"
I transition (called the fundamental) is shon in I-ig.

The first term ;n Eq. B-4 contains the rotational con- B-Ic. Note that the R branch is on the higher frequen-
stant Br, which is inversely proportional to the molec- cy side of v0. In addition, there is no absorption line
ular moment of inertia. The second term, which is small at v,, because the selection rules preclude a .J 0 ian--
for small .J, accounts for the change in the moment of sition. The spacing between fundamental lines is approx-
inertia caused by centrifugal stretching of the molecule. imately
Note that Eq. B-4 negleL:, tie effect of vibration on

R_. -I vu  2B, .( -') -,i

*(v. tierberg, ,Alolecular .Spctru and .Volecular .Sintm ture: I. Spec-
Ira of I~atomc Molecules. 2nd ed., Van Nostrand Reinhold Co.,
Ne% York (1950).
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____Rotational3

_____levels 2

0 10
(Adapted from Herzberg (8)

(a) Energy levels of a vibrating-rotator. (b) R and P energy transitions.

_______________4 (Adapted from Herzberg 18j
10 - 1 1- 2 1 2 1

600 6 10

8 40
0-

3.8 3.7 3.6 35 3.4 3.3
,N lpmli

(c) V ibrat ion-rotat ion spectrum for the fundamental tran-
sitions (v = 0 1) of HICI.

Figure B-1 Energy levels and spectrum of a diatomic molecule.
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